Background: Obesity is associated in healthy subjects with a great reduction in functional residual capacity and with a stiffening of lung and chest wall elastance, which promote alveolar collapse and hypoxaemia. Likewise, obese patients with acute respiratory distress syndrome (ARDS) could present greater derangements of respiratory mechanics than patients of normal weight. Methods: One hundred and one ARDS patients were enrolled. Partitioned respiratory mechanics and gas exchange were measured at 5 and 15 cm H 2 O of PEEP with a tidal volume of 6-8 ml kg −1 of predicted body weight. At 5 and 45 cm H 2 O of PEEP, two
owing to the presence of several co-morbid conditions, obesity has been associated with a significant increase in complications and mortality after hospital admission. 4 In contrast, the influence of body weight on acute illness is less clear. [5] [6] [7] A retrospective analysis of a randomized trial comparing low vs higher tidal volume ventilation in patients with acute lung injury found that obesity did not affect the severity of hypoxaemia. 8 Recent studies have found that critically ill obese patients had no difference or even a decrease in hospital length of stay and mortality. [8] [9] [10] [11] The most commonly reported effects of obesity during spontaneous breathing and general anaesthesia are a reduction in functional residual capacity [12] [13] [14] [15] and stiffening of lung and chest wall elastance, which promote alveolar collapse and hypoxaemia. 16 To counteract these respiratory changes in mechanically ventilated healthy obese patients, higher tidal volume, 17 18 moderate PEEP levels (5-10 cm H 2 O), 16 19 and recruitment manoeuvres have been suggested. [20] [21] [22] Kikewise, obese patients with acute respiratory distress syndrome (ARDS) may suffer from greater derangements of respiratory mechanics and gas exchange than patients of normal body weight. Higher PEEP levels could be necessary to optimize lung recruitment, to limit the intratidal opening and closing, and to improve oxygenation. In addition, the possible increase in chest wall elastance could also decrease the transpulmonary pressure. 23 24 These two factors could be relevant in setting the mechanical ventilation to minimize the ventilatorassociated lung injury. To date, no major studies have examined the role of chest wall elastance in influencing the effects of PEEP and tidal volume in these patients. The aim of the present study was to evaluate the effect of the BMI in a group of ARDS patients on chest wall elastance, lung recruitability, and transpulmonary pressure.
Methods

Study population
A total of 101 patients with acute lung injury or ARDS were included; 71 were previously enrolled in two published works, 25 26 whereas the remaining 30 were enrolled in a prospective study (http://clinicaltrials.gov/show/NCT01670747). In the present study, considering a partly new study population, we evaluated completely new data never analysed and shown before. Thus, this is not a duplication of the data or salami publication. The study was approved by the institutional review board of each hospital, and written consent was obtained according to the regulations applicable in each institution (consent was delayed in Italy until the patients had recovered from the sedation and was obtained in Germany from a legal representative). Patients were classified as having mild, moderate, or severe ARDS according to the Berlin definition. 27 Study design All patients were deeply sedated, paralysed, and ventilated in the volume-control mode with a tidal volume of 6-8 ml per kilogram of predicted body weight throughout the study protocol. 26 The oxygen fraction, tidal volume, and respiratory rate were maintained unchanged for the entire study. Immediately before each step of the PEEP trial, a recruitment manoeuvre was performed to standardize the lung volume history. The recruitment manoeuvre was performed in pressure-control ventilation at a PEEP of 5 cm H 2 O, with a plateau pressure of 45 cm H 2 O, ratio of the duration of inspiration to the duration of expiration (I:E) 1:1, respiratory rate of 10 breaths for 2 min. 28 Subsequently, PEEPs of 5 and 15 cm H 2 O were randomly applied, with similar ventilator settings used before the recruitment manoeuvre. At each PEEP level, after 20 min, respiratory mechanics were measured and blood gas analyses performed.
Measurements
Respiratory mechanics
The respiratory flow rate was measured with a heated pneumotachograph (Fleisch no. 2; Fleisch, Lausanne, Switzerland). Airway pressure was measured proximally to the tracheal tube with a dedicated pressure transducer (MPX 2010 DP; Motorola, Solna, Sweden). Oesophageal pressure was measured with a radio-opaque balloon (SmartCath Bicore; Bicore Irvine, CA, USA) inflated with 1.0-1.5 ml of air connected to a pressure transducer. 29 All traces were sampled at 100 Hz and processed on a dedicated data acquisition system (Colligo and Computo; www. elekton.it). The oesophageal balloon was positioned in the lower third of the oesophagus at a depth of 35-40 cm. 26 Intraabdominal pressure was measured by the bladder technique. 30 During an inspiratory and expiratory pause, the static airway and oesophageal pressure were measured. Transpulmonary pressure was computed as airway pressure minus oesophageal pressure.
The respiratory system, lung, and chest wall elastances were computed according to the following formulae: 25 (i) Respiratory system elastance (E rs ; in cm H 2 O litre −1 )=(airway pressure at end-inspiratory pause−airway pressure at PEEP)/ tidal volume (ii) Lung elastance (E l ; in cm H 2 O litre −1 )=(transpulmonary pressure at end-inspiratory pause−transpulmonary pressure at PEEP/tidal volume (iii) Chest wall elastance (E cw ; in cm H 2 O litre −1 )=(oesophageal pressure at end-inspiratory pause−oesophageal pressure at PEEP)/tidal volume (iv) The end-inspiratory transpulmonary pressure was calculated as the airway pressure at end-inspiratory pause×lung elastance/respiratory system elastance 31 (v) The end-expiratory transpulmonary pressure was calculated as the difference between the airway and oesophageal pressure at PEEP and after a release manoeuvre. 31 Gas exchange Arterial and central venous blood gases were analysed. The total dead space was computed according to the Enghoff modification of Bohr's equation, with the mixed expired partial pressure of carbon dioxide being measured by a CO2SMO monitor (Novametrix, Wallingford, UK).
Editor's key points
• Obesity is associated with a reduced functional residual capacity and a stiffening of lung and chest wall elastance, but the changes in respiratory mechanics in obese acute respiratory distress syndrome (ARDS) patients are not known.
• Respiratory mechanics and gas exchange were measured in 101 ARDS patients with various body weights.
• There were no significant differences between obese and non-obese ARDS patients in the lung and chest wall elastance, but lung gas volume was significantly lower and total superimposed pressure significantly higher in obese patients than in non-obese.
Computed tomography analysis and superimposed pressure After the PEEP trial, patients were moved to the radiology department and two whole-lung computed tomography (CT) scans were performed after a recruitment manoeuvre. During an endexpiratory pause at 5 cm H 2 O of PEEP and end-inspiratory pause at 45 cm H 2 O, lung CT scans were done using the following parameters: 110 mA s, tube voltage 120 kV, rotation time 0.5 s, collimation 128×0.6 mm, pitch 0.85, and reconstruction matrix 512×512. In each of the CT slices, lung profiles were manually delineated and analysed with a dedicated software package (Soft-E-Film; www.softefilm.ieu). The lung parenchyma was assumed to be composed of two compartments: air (density −1000 Hounsfield Units) and lung tissue (with a density close to water; 0 Hounsfield Units). The total lung gas volume, weight, and the proportions of the different compartments (not inflated, poorly inflated, well inflated, and over-inflated) were computed as previously described. 28 Lung recruitability was computed as the ratio between the difference in non-inflated tissue at 5 cm H 2 O of PEEP minus the noninflated tissue at 45 cm H 2 O of PEEP to the total lung tissue at 5 cm H 2 O of PEEP. 28 The lung superimposed pressure and the total superimposed pressure were computed as follows: The apex-to-base length of the lung was computed as the distance from the first to the last voxel in the CT image. In each image along this axis, the lungs were divided into 10 sections (20 regions for each subject). The height of each segment was measured as the distance from the most ventral to the most dorsal surface at the level examined. The sternum-to-vertebral height was taken as the maximal height computed in the 20 sections. 32 
Statistical analysis
A formal power analysis was not done before the study; however, we estimated the number of patients needed to detect a difference of 5 cm H 2 O in chest wall elastance in the three preplanned groups (normal weight, overweight, and obese) in a population with a chest wall elastance standard deviation of 4.3 cm H 2 O. 26 With β=0.2 and α=0.05, ∼5.5 patients in each group would be required. As study groups were of different sizes (44, 36 , and 21 patients in normal weight, overweight, and obese groups, respectively), we computed the power of the study (α=0.05, finding powers of 1 for normal weight, 1 for overweight, and 0.999 for obese). The whole population was divided into three groups according to BMI, as follows: normal weight (BMI≤25 kg m 
Results
The patients' characteristics divided according to the BMI are shown in Table 1 (P<0.001). The overall intensive care mortality rate was 48%. The causes of lung injury, the intensive care stay, and mortality rate were not different in the three groups. At prestudy clinical baseline, the ventilator setting (tidal volume, PEEP, and minute ventilation), gas exchange, and respiratory system elastance were comparable.
Respiratory mechanics
In Table 2 is shown the respiratory mechanics at 5 and 15 cm H 2 O of PEEP. Intra-abdominal pressure was not different in the obese and normal-weight groups. At both levels of PEEP, the lung and chest wall elastance were similar (Fig. 1) . The end-inspiratory transpulmonary pressure and driving pressure were similar in all the three groups at both levels of PEEP.
Computed tomography variables and superimposed pressure
The lung CT variables are presented in Table 3 . Obese patients had a significantly higher lung (sternum-to-vertebral) height and lung and total superimposed pressure and shorter lung (apex-to-base) length than the normal-weight group. The overall lung recruitability was 15.6 (10.9)% and among the groups was O of PEEP, the total lung volume and gas volume were significantly lower in overweight and obese patients than in normalweight patients. The lung gas volume was poorly related to the body weight (r 2 =0.051, P=0.022). At 5 cm H 2 O of PEEP, the proportions of the different lung compartments (not inflated, poorly inflated, well inflated and over-inflated) were not different in the three groups. In the normal-weight, overweight, and obese groups, the amount of non-aerated and well-aerated lung was significantly decreased and increased, respectively, by increasing the PEEP from 5 to 45 cm H 2 O.
Gas exchange and physiological dead space
Gas exchange was not different in the three groups at both levels of PEEP (Table 4 ). The physiological dead space was significantly smaller in the obese group than in the normal-weight group. Increasing the PEEP significantly increased the arterial oxygenation in all the groups.
See Supplementary data for more results.
Discussion
The primary findings of this study are as follows: (i) lung and chest wall elastance were not affected by body weight; (ii) obese patients had significantly higher total superimposed pressure and lower lung gas volume; and (iii) the end-inspiratory transpulmonary pressure, lung recruitability, and gas exchange were similar among the groups. The prevalence of obesity (i.e. BMI >30 kg m −2
) differed among the countries (in previously published studies), ranging from 9 to 40% of the population, 33 significantly affecting the pulmonary function. Obesity in ARDS patients may predispose to more derangements in respiratory mechanics and inflammatory response. 5 6 22 34 In the last recent (2009) pandemic of influenza A (H1N1) virus, it was reported that the percentage of obese patients requiring hospitalization was significantly higher than for normal-weight patients. 35 However, previous data in patients with ARDS reported that mortality was not affected by BMI 7 8 10 11 and might be even lower with a higher BMI. 9 In the present study, the overall mortality was 48%, in line what has been reported previously, and was not related to body weight. Although several suggestions regarding the ventilator management of obese patients have been proposed for general anaesthesia, [12] [13] [14] [15] few data are available for obese ARDS patients. 22 34 An international survey of patients receiving mechanical ventilation for more than 12 h showed that obese ARDS patients were ventilated with significantly higher tidal volume based on the predicted body weight and PEEP level compared with patients of normal body weight. 10 Failure to account for how the increase in body weight could affect respiratory function can result in an injurious mechanical ventilation setting not based on physiological requirements.
Respiratory mechanics
During general anaesthesia, mainly as a result of the loss of muscle tone, diaphragm displacement, and higher intra-abdominal pressure, obese patients have a significantly larger reduction of the end-expiratory lung gas volume (30-50%) that can persist longer compared with normal-weight subjects. 12 15 36 The reduction of the end-expiratory lung gas volume is correlated with the BMI. 13 37 In the present study, overweight and obese patients had a significantly lower lung gas volume, but the lung weights were similar (i.e. similar amount of lung oedema, blood, and tissue), suggesting that a greater body mass somehow compresses the lung, resulting in a shorter lung length (apex to base) without affecting the lung structure per se. In addition, several studies of the lungs in healthy subjects have indicated that obesity is characterized by a stiffening of the total respiratory system, 13 14 38 with a reduction in chest wall compliance 13 14 16 or in lung compliance, or both. 13 14 16 38 These alterations are possibly related to the body mass, increase in pulmonary blood volume, closure of dependent airways, and increase in alveolar surface tension. 38 39 However, normal chest wall and lung compliance have also been reported, probably reflecting differences in experimental methods or conditions. 38 40 Although in ARDS patients the increase in respiratory system elastance has been reported to be significantly greater because of the increase in lung elastance, 41 changes in chest wall elastance have frequently been reported. 41 42-44 Intra-abdominal hypertension is one of the main causes of the increase in chest wall elastance in ARDS patients, 43 45 but mainly when the intra-abdominal pressure is higher than 2.6 kPa. 46 With regard to the possible relationship of body weight and intra-abdominal pressure, body weight was not different in patients with and BMI in acute respiratory distress syndrome | 117 without intra-abdominal hypertension 30 as a result of the minimal impact on the intra-abdominal pressure from 0.01 to 0.02 kPa for each 1 kg m −2 . 47 In obese ARDS patients, we did not find a difference in the intra-abdominal pressure when compared with subjects of normal body weight. In contrast to previous studies that reported a significant increase in chest wall elastance, in our study chest wall and lung elastance were not affected by the body weight, suggesting that the increase in body mass acts simply as an 'external' inspiratory loading force that causes a rightward shift of the chest wall and lung pressure volume curve without altering their characteristics. 38 48 However, previous studies that enrolled obese patients with higher BMI compared with our population [51.0 (8.2) vs 37.7 (6.2) kg m
found that the increase in chest wall elastance was present only at zero end-expiratory pressure, whereas like our study, it was similar to subjects of normal weight at 10 cm H 2 O of PEEP.
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End-inspiratory transpulmonary pressure and superimposed pressure
Although mechanical ventilation is commonly titrated on airway pressure, and 30 cm H 2 O of airway plateau pressure has been proposed as the upper limit to avoid or at least limit ventilatorassociated lung injury, the real distending force of the lung is the transpulmonary pressure. The transpulmonary pressure, estimated by the oesophageal balloon technique, 49 50 is closely related to the lung stress. 42 The end-inspiratory transpulmonary pressure has been used successfully in patients with ARDS, improving gas exchange and respiratory mechanics and avoiding the need for extracorporeal membrane oxygenation. 44 The 'oesophageal' technique has already been applied in obese patients and predicted the pleural pressure. 51 52 In contrast to the previously existing hypothesis 22 that, in patients with a higher body weight, a greater portion of the airway pressure would be dissipated to distend the chest wall during inflation (i.e. a lower transpulmonary pressure), we found similar transpulmonary pressures in obese and normal-weight patients. This would suggest that for a given airway pressure, the possible risk of ventilator-associated lung injury attributable to lung stress is independent of the body weight. A previous study reported that overall lung recruitability (amount of non-aerated tissue in which inflation was restored from an airway PEEP of 5 to an airway plateau pressure of 45 cm H 2 O) averaged 13 (11)% of the total lung weight, 28 similar to the values found in the present study (15.6 [6.3-23.4 ] and 11.3 [6.2-15.6] % for normal-weight and obese groups, respectively). We did not find a significant relationship between body weight, non-inflated tissue, and recruitable tissue (i.e. lung units not inflated at 5 cm H 2 O but which regain inflation at 45 cm H 2 O airway pressure). Obese patients had a higher total superimposed pressure. The total superimposed pressure was defined as the product of lung density and lung height and represents the 53 Given that in ARDS patients, increased lung density is generated both by consolidated and non-recruitable lung tissue ( pulmonary units filled with oedema, cells, etc.) and by recruitable tissue, the total superimposed pressure was found in a previous study to be related only weakly to lung recruitability. 32 In the present study, the total superimposed pressure in the obese group was higher because the lung height on the sternum-to-vertebral axis was greater; lung density and total lung mass were similar in the three groups. All these data suggest that, if the role of PEEP is to keep the lung open and limit intratidal collapse and decollapse, routine use of higher PEEP levels is not recommended in obese ARDS patients.
Gas exchange
Unlike previous studies in the perioperative period, 54 55 which found a significant reduction in oxygenation in obese patients compared with subjects of normal weight, in the present study the oxygenation was similar in the three groups. Likewise, in a retrospective study of more than 100 acute lung injury or ARDS patients previously enrolled in the ARDSNet trials, the severity of hypoxaemia was comparable in normal-weight, overweight, and obese patients. 8 
Limitations
In the present study, the patients were divided according to the BMI based on the body weight measured on the day of the study and not considering the body weight at intensive care admission. To overcome this limitation, the body weight at admission was estimated as the difference between the body weight measured on the day of the study minus the fluid balance from admission to the day of the study. Considering the BMI computed both with the body weight measured on the day of the study and with the estimated body weight, the three groups (normal-weight, overweight, and obese) were similar regarding the partitioned respiratory mechanics, lung volume, recruitability, and total superimposed pressure (see Supplementary data Appendix). In addition, the fluid balances were not different among the three groups. The population was divided into three groups according only to the BMI, without considering the fat distribution, which could also affect the respiratory mechanics.
In conclusion, obese ARDS patients did not show higher chest wall elastance compared with normal-weight patients. The fraction of non-inflated lung and the lung recruitability were similar between obese and normal-weight patients. 
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